INTRODUCTION
A number of embryonic cell types move from the site at which they first become established through the tissues of the embryo to a new site where they cease migration and enter the next phase of differentiation (see Browder, 1986 , for reviews). In theory these migratorv populations of cells are excellent systems for studying the control of motile activity. However, in practice we have very little detailed information on these controls, since the early migratory populations are very small, mostly impossible to see in the opaque embryo, and difficult to isolate in pure form. Because of these drawbacks our knowledge is confined to a very limited number of cell types. In this article we describe work on the culture of migrating mouse primordial germ cells (PGCs), which permit more detailed analysis of the controlling factors of cell migration in embryos.
'l'he migratory phase of mouse primordial germ cells (PGCs) has been well established using alkaline phosphatase activity as a cell marker (Chiquoine, 1954; Mintz & Russell, 1957; Ozdzenski, 1967; Tam & Snow, 1981) . Mouse PGCs are first identified at 8-5 days post coitus (d.p.c.) at the caudal end of the primitive streak near the root of the allantois. As the embryo turns they become incorporated into the developing hind gut from which they migrate into its mesentery. By 10'5 d.p.c. PGCs are found migrating through the dorsal mesentery and by the next day of gestation when they have reached the top of the mesentery they migrate laterally into * Present address: National Institute of Medical Research, The Ridgewav, M ill H ill, London NW 7 1AA, U K . ' thickened ridges of tissue (the genital ridges). Here in the gonad anlagen they proliferate for a short while (as they do throughout the migratory phase) before entering the long process of differentiation into the gametes of the mature adult animal (see McLaren, 1981 , for review).
The behaviour of early germ-line cells raises a number of important questions. (1) What factors switch these early cells into a migratory mode? (2) What factors control their adhesion and guidance to their target? (3) What factors switch off their migratory behaviour? Our initial aim was to identify mouse PGCs in such a way that we could culture them, observe their behaviour in vitro and identify molecules involved in their interaction with the substratum.
The mouse has several attractive features for this sort of study. Culture of mouse cells is well established and there are a large variety of established cell lines available. Moreover, there are glycosylation mutants of some cell lines that are defective in defined carbohydrate structures (Stanley, 1984 (Stanley, , 1987 Hooper, 1985) , on which adhesive mechanisms can be probed. It is also possible to select glycosylation mutants of a cell line of interest (see Hooper, 1985 , for brief review). Cell lines of defined genetic background may also be used to analyse the effect of specific genes on cell adhesion or behaviour.
Amongst the large numbers of gene mutations in the mouse there are two welldescribed mutations, Steel and Dominant White spotting, which in the homozygous condition both cause complete sterility. In animals homozygous for either mutation, germ cells fail to proliferate or to migrate to the gonad (McCoshen & McCallion, 1975; M intz & Russell, 1957) . In Dominant White spotting the mutation is thought to affect directly the PGCs themselves, whilst in Steel the mutation is thought to affect the environment through which PGCs migrate (see Silvers, 1979 , for review). These mutants therefore provide an opportunity to analyse both defective PGCs and a defective environment.
MARKERS OF THE GERM LINE
Alkaline phosphatase activity has been a useful PG C marker for elucidating the migratory route of the cells. However, the histochemical reaction required for its detection can only be carried out successfully on fixed tissues. In studying PGCs in culture, therefore, alkaline phosphatase can only be used as a retrospective marker. Although relatively pure populations of mouse PGCs can be isolated from developing gonads from 12-5 d.p.c. onwards (Heath, 1978; DeFelici & McLaren, 1982) , no method has yet been devised for isolating pure populations of migrating PGCs from 10-5 d.p.c. mesenteries where they represent 1-2% of the total cell population as determined by cell sorter analysis (Donovan, unpublished obser vations). Clearly, studying cells derived from the mesentery in the hope that some were PGCs would be a laborious task.
We have looked, instead, for immunological markers for PGCs that can be used to identify living cells. A number of monoclonal antibodies raised against early embryos and teratocarcinoma stem cells (embryonal carcinoma cells) are found to cross-react with germ-line cells (Eddy & Hahnel, 1983; Donovan et al. 1986; Wylie et al. 1986 ).
The epitopes recognized by some of these antibodies are shown in Fig. 1 . The temporal expression of all the antibodies tested is essentially the same. Expression begins around the time of onset of migration, continues until the PGCs colonize the gonad, and then gradually disappears (Wylie et al. 1986) . Clearly a major change in surface phenotyope takes place during the migratory phase. Furthermore, several antibodies specifically stain PGCs whilst they are migrating through the hind-gut mesentery, although they may stain other cell types at other stages in development. This makes them reliable markers for PGCs in experiments where they are extracted from isolated dorsal mesenteries.
THE CULTURE OF MIGRATING PGCs
There is considerable histochemical evidence that a number of matrix components surround migrating PGCs (Wylie et al. 1986 ) and that several specific antigens are present on P G C surfaces during migration (see above). However, the importance of these can only be tested under defined conditions in culture. In the last two years we have developed a method for culturing migrating PGCs by removing them from the hind-gut mesentery of 10-5-day mouse embryos. This is done by disaggregating excised mesenteries in calcium-and magnesium-free phosphate-buffered saline (PBS-A), and seeding the disaggregated cells (which consist of PGCs and other mesentery cells) onto a cellular feeder layer. PGCs are then identified by double labelling with TG-1 antibody (see Fig. 1 ) and alkaline phosphatase. Several feeder layers have been used, which support PG C adhesion and spreading to different extents (Donovan et al. 1986 ); of these, STO fibroblasts, derived originally from embryonic mice (Ware & Axelrad, 1972) , are the best.
PGC BEHAVIOUR IN CULTURE
When PGCs from the migratory route are cultured on STO cells they show every appearance of motile cells (Donovan et al. 1986) . They are elongated with leading lamellipodia and filopodia, and often a distinct uroid with retraction fibres. Filming and interference reflection studies show that they actively move at speeds of around 50/¿m h -1. PGCs can migrate beneath ST O cells, often causing them to retract away from advancing PGCs. The interference reflection pattern of cell-substratum contacts is visible where PGCs are migrating on the glass substrate rather than the feeder cells, and shows no focal adhesions. Instead, the interference image resembles that of fast-moving cells such as leucocytes (Stott & Wylie, 1986) .
The phenotype of migratory-stage PGCs in culture strongly supports the notion that PGCs in vivo actively migrate to the gonad, pushing other cells out of their way as they do so. If this is the case, then it becomes important to establish the mechanism whereby such locomotory behaviour is switched off once PGCs reach the gonad. This could be due either to intrinsic loss of motility by the PGCs, or to a non permissive environment (e.g. a change in composition of the extracellular matrix). We therefore isolated PGCs from 13-5-day embryo gonads, and seeded them under identical conditions on ST O feeder layers. We found that a very small proportion adhered to STO cells, and even fewer spread and showed motile behaviour. Furthermore, loss of cell motility occurred gradually from 11-5 to 13-5 days of gestation (Donovan et al. 1986 ). These studies suggest that an inherent change in adhesive and motile behaviour takes place in PGCs once they reach the gonad and that migration to the gonad is an active process. The change in motility correlates well with earlier electron-microscopical evidence that PGCs are polarized in the mesentery but rounded in the gonad (Clark & Eddy, 1975) .
MOLECULES INVOLVED IN PGC ADHESION
The ability to culture migratory-stage PGCs provides two ways of analysing the factors involved in their adhesion: blocking experiments with specific antibodies, and culture on defined substrates. Some preliminary data on both these approaches are presented here, and will be published in more detail elsewhere.
In blocking experiments, gamma-irradiated STO cells are seeded at sub-confluent concentrations into 96-well plates. Once the feeder cells have spread (24-48 h later) cells from disaggregated mesentery, which include PGCs, are seeded onto them to give a calculated number of 100-200 PGCs per well. The number of PGCs that have attached after 1 h is measured for each treatment. The time-course of initial adhesion shows that most PGCs have attached after 1 h (Fig. 2) .
Molecules that are present on the surface of migrating PGCs, and are lost after migration, are attractive candidates for a role in PG C adhesion or locomotion. We have therefore tested the TG-1 antibody in blocking experiments. As shown in Fab fragments of TG-1 also inhibited adhesion, whereas a monoclonal antibody against fibronectin, which stains the matrix around STO cells, did not. Since TG-1 Fig. 2 . Time-course of P G C adhesion to S T O cell monolayers. P G C suspensions were added to confluent S T O monolavers and the number of adherent PGCs was determined at intervals by staining for alkaline phosphatase. Points represent the mean ( ± s .D .) of 10 cultures.
inhibition was never more than 50 %, other molecules may also play a role in P G C adhesion to S T O cells.
The finding that the T G -1 antigen is involved in P G C adhesion prompted us to try to identify the epitope, and to look for factors that cause it to appear when the cells begin to migrate and disappear at the end of migration.
The epitope for one of the other P G C binding antibodies, SSEA-1, is known to be a specific sugar, 3-fucosyl lactosamine (Feizi, 1985) . We have shown that the same sugar inhibits staining of frozen sections with TG-1, whereas its close relative 2-fucosyl lactosamine does not. Therefore, TG-1 recognizes the same epitope (or an overlapping one) as does SSEA-1. The latter antibody has been shown to inhibit compaction in early mouse embryos (Bird & K im ber, 1984) and adhesion of F9 embryonal carcinoma cells to plastic, as well as laminin-and fibronectin-eoated substrata (N om oto et al. 1986) . We are currently trying to identify the carrier molecule of TG-1 antigen on PG Cs. O n embryonal carcinoma cells the SSEA-1 antigen is carried by polydisperse, endo-/3-galactosidase-sensitive lactosaminoglycans (Childs et al. 1983) , in particular a molecule known as embryoglycan (Ozawa et al. 1985) .
The T G -l/SSEA -1 antigen appears at 9-5 days of development (D onovan et al. 1986; Wylie et al. 1986) . In early embryos the SSEA-1 antigen is thought to appear by fucosylation of a pre-existing glycoprotein, the I antigen (Gooi et al. 1981; Knowles et al. 1982) . It is not known whether the I antigen is present on PG C s before SSEA-1 appears. The antigen disappears completely from gonads of both sexes by 14-5 days of development. In recent experiments we found that neuraminidase treatment (1 unit ml 1 in P G C for 1 h) of sections of 15-5-day embryos caused antibody reactivity to be restored. Chondroitinase A B C , hyaluronidase, periodic acid, 100% ethanol and 100 % acetone had no effect. T his suggests that the TG-1 antigen becomes sialylated after migration. Sim ilar mechanisms of receptor modulation have been reported to accompany maturation of T lymphocytes in the im m une system (Sharon, 1983; Pink, 1983 , for reviews) and differentiation of embryonal carcinoma cells (Cossu et al. 1985) . We do not yet know, however, whether removal of sialic acid from 15-5-day P G C s will restore their adhesive behaviour, or whether other post-migratory phenotypic changes take place.
The P G C surface molecules involved in adhesion must interact with surrounding cells and extracellular matrix. We have started a study of these interactions, particularly with respect to defined extracellular matrix molecules. In the embryo, P G C s migrate over an incomplete basal lamina underlying the coelomic epithelial cells (Clark & Eddy, 1975) , which is composed of, amongst other things, type IV collagen, lam inin and fibronectin (Fujim oto et al. 1985; Wylie et al. 1986 ).
Fibronectin and lam inin also surround the mesenchymal cells between which P G C s unpublished observations). T his combination of blocking experiments and culture of P G C s on defined substrates is likely to increase our understanding of the factors involved in P G C migration.
In conclusion, embryonic migratory cells present an attractive system for study, even though they constitute a very small population of cells, and are difficult to isolate in pure form. The advent of antibody markers has permitted not only identification of PG Cs, but also live labelling and therefore cell tracing. Further more, the fact that P G C s will adhere to defined extracellular molecules has finally made it possible to study the mechanism of their guidance, using, for example, the methods pioneered for neutrophils (Zigm ond, 1978) . Finally, these methods should permit the study of mutants in which P G C s do not migrate correctly.
O ur grateful thanks go to the Cancer Research Campaign, who have funded this work, to Linda Cairns and Margaret Docherty for expert technical assistance, and to Melanie Coulton for typing part of this manuscript. 
